The paper presents the results of the optimisation of burner nozzle diameters during the combustion of natural gas under the conditions of increasing oxygen concentrations in the oxidizer in aluminium melting processes in drum rotary furnaces. The optimisation of outlet nozzle diameters was performed employing the method of experimental measurements, the results of which can be used for aluminium melting in hearth furnaces. The measurements were carried out using an experimental upstream burner with 13.5 kW input power. The monitored oxygen concentrations in the oxidizer ranged from 21% to 50%. The measurements were performed and evaluated in two variations of the burner configuration (geometry). In the first study, the impact of the enriched oxidizer on the melting of aluminium ingots was evaluated with the defined diameter of the air nozzle, which resulted in a reduction of the aluminium charge melting time by 50% at 45.16% oxygen concentration in the oxidizer, thus achieving savings in the consumption of fuel used for melting. In the second study, the diameter was optimised depending on the combustion rate of the natural gas and oxidizer mixture. The optimisation of the nozzle parameters resulted in the reduction of the charge melting time by 23.66%, while the same 25% enriched oxidizer was used. With the rise of the enrichment level to 35%, further reduction by approximately 12% was observed. The measurement results prove considerable influence of the parameter (geometry) optimisation of the outlet nozzles and oxidizer enrichment. Appropriately selected parameters of the burner can contribute to achieving comparable results at a lower enrichment of the oxidizer. The obtained results demonstrate the intensification of the heat transfer in the current thermal aggregates. The research conclusions confirm that oxygen-enhanced combustion and modification of existing burners reduces the specific energy consumption on the process and reduces CO 2 emissions.
Introduction
Primary aluminium production from bauxite ore is an energy-intensive process. Currently, ever-greater emphasis is placed on secondary aluminium production. According to the OECD, secondary aluminium production will amount up to 37% of the total quantity of aluminium produced in 2020 [1] . Currently, the dominant method of secondary aluminium production is the recycling of scrap high in aluminium and its subsequent remelting in smelting furnaces. Compared with primary aluminium production from raw materials, aluminium recycling allows a reduction of 95% of the required energy per ton of aluminium [2] .
At present, a large variety of furnaces, differing from each other in the method of processing the charge, are used for secondary aluminium melting. Rotary furnaces are the most common type of thermal aggregates used for secondary aluminium production [3] . Based on their design, rotary furnaces can be divided into drum rotary furnaces and tilting rotary furnaces, which are described in more detail in [4] [5] [6] . Global energy and environment policies push manufacturers towards increasing the thermal efficiency of thermal equipment while reducing emissions from technological processes.
The current trend in the operation of these types of thermal aggregates is air-fuel combustion, in which fuel is combusted with oxygen-enriched air or oxy-fuel combustion. The authors of those publications agree that an important factor in aluminium melting processes characterised by increased oxygen concentrations is represented by the increase of combustion temperatures in the furnace work area (see [7] [8] [9] [10] [11] [12] [13] ).
From the viewpoint of using oxygen during the aluminium melting process, an optimum level of oxygen enrichment for the oxidizer must be determined. This issue is well addressed by Saha [10] and Jepson [9] .
In his study related to the use of oxygen, Saha [10] presented an optimized type of the burner known under the commercial name RAPIDFIRE TM , manufactured by Air products. This burner type is a combination of an oxy-fuel burner and an air-fuel burner. This construction variant provided a high flexibility in firing gas and was specially designed for aluminium smelters. According to the results of this study, the replacement of the air-fuel burner with the RAPIDFIRE burner resulted in the increase of the furnace productivity by 31% and fuel savings reached 36% at 80% oxygen enrichment of the combustion air.
In their study, Jepson et al. [9] used Air Liquide Pyre Tron burner and they monitored the melt rate of the charge using O 2 enriched combustion air, with the O 2 volume between 25% and 75%. At this level of enrichment, the melt rate increased within the range of 25% to 50%. According to Jepson, factors that influence the optimum level of oxygen enriched combustion air include the following: Type of furnace, type of the charge, number and location of burners, and the cost of fuel and oxygen.
In their study, Jablonsky et al. [6] addressed the influence of the increased oxidizer oxygen on the combustion process and heat transfer. At the same time, they monitored its influence on the temperature field distribution in the thermal aggregate. In their study, these authors pointed to the fact that no significant changes of the temperature field distribution occur at larger distances from the burner, when the oxidizer oxygen concentration increases and the burner input power remains constant. This can be explained by the findings presented by Baukal [14] [15] [16] , which state that the increase in combustion temperature caused by the increase in oxygen concentrations in the oxidizer influences mainly the fuel combustion kinetics. The increase in the oxidizer oxygen concentration results in a lower activation energy needed for chemical reactions in the combustion process. Higher oxygen concentrations contribute to the decrease in the amount of the burnt mixture and its flammability at lower temperatures. Ultimately, the combustion rate using pure oxygen is 11 times higher compared to air. Subsequently, when the enrichment technology is used with a burner designed for air fuel combustion, either the flame front is reduced or backflash into the burner may occur.
At present, there is only little available literature which deals with the impact of the flame front shortening on the charge heating. The shortening of the flame in the thermal aggregate results in changes in the temperature field distribution due to changes in flowing flue gas turbulence (rate distribution). Consequently, the charge heating process is significantly affected. Therefore, when evaluating the overall effect of oxygen in thermal aggregates, attention should be paid to this particular issue.
A solution to the above issue lies in modifying combustion mixture flow rates from the burner. Modifications to the burner nozzle diameters can cause changes in the flame length in the thermal aggregates and, thus, contribute to achieving greater efficiency of using oxygen in the thermal aggregates and to the increase of technological process efficiency.
The authors of this article designed and created an experimental burner, featuring the possibility to modify outlet nozzle diameters, and an experimental model of the tilting rotary furnace to investigate the impact of oxygen enrichment on combustion air and the effect of discharge rates on the heating rate and melting of aluminium. The computional fluid dynamiscs (CFD) model of the experimental device was used to design and modify the burner. In the present article we also present a solution to the issue of heat transfer intensification by modifying the burner on the basis of the combustion mixture flow rate change.
Experimental Research

Experimental Device
The aim of the research was to analyse heat transfer and aluminium melting processes in the experimental device, in relation to the change of the combustion mixture flow rate from the burner. The experimental measurements were carried out with the oxidizer oxygen concentration ranging from 21% to 50%. The experiments were conducted using a tilting rotary furnace (Figure 1 ) with an inner diameter of 305 mm and a length of 607 mm. The experimental model inclination angle was set to 7 • during the measurement.
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Modification of Burner
The experimental measurements were carried out using a burner with 13.5 kW input power for the natural gas combustion. Due to the shortening of the flame front at higher concentrations of oxygen in the oxidation mixture, the outlet diameter of the burner was modified during the experimental research, according to oxygen concentrations in the oxidizer at the constant fuel flow. The burner orifice was modified (according to the Equation (1)), so that the flame length was the same for each examined level of oxygen enrichment from the oxidizer [6, 17] :
where Lfl is the flame length (m), r is the semi-diameter of the burner orifice (m), wm is the outlet rate of the mixture (m s −1 ), and un is the normal combustion rate of the oxidizer and gas mixture (m s −1 ). On the basis of Equation (1), the flame length in the air fuel combustion was set to 42 cm. The increase of oxygen concentration results in the reduction of the combustion mixture amount, and hence, the outlet rate of the mixture wm decreases. As already noted, the increase of the oxygen concentration in the combustion mixture results in the increase of the combustion rate un. On the basis of available literature data [16] , the parameter un for natural gas with the increased oxidizer oxygen concentration can be expressed using the following mathematical function: 
where O2 is the oxidizer oxygen concentration (vol. %) Thus, the flame length is simultaneously reduced by both parameters wm and un. Therefore, in order to achieve a constant flame length, it is necessary to modify the diameter of the burner orifice.
For the purpose of studying the impact of the increased oxygen concentration in the air on the combustion process, an upstream burner was selected. The burner consists of a closed gas tube with a diameter of 8 mm, with four holes with diameters of 2.5 mm (Figure 3a) transversally drilled along the perimeter to ensure a better mixing of fuel and oxidizer. Construction modifications of the burner consisted of producing an optimised air nozzle for each examined level of oxygen enrichment of the oxidizer. The increase of the oxygen concentration was ensured by injecting oxygen into the combustion air inlet. 
where L fl is the flame length (m), r is the semi-diameter of the burner orifice (m), w m is the outlet rate of the mixture (m s −1 ), and u n is the normal combustion rate of the oxidizer and gas mixture (m s −1 ). On the basis of Equation (1), the flame length in the air fuel combustion was set to 42 cm. The increase of oxygen concentration results in the reduction of the combustion mixture amount, and hence, the outlet rate of the mixture w m decreases. As already noted, the increase of the oxygen concentration in the combustion mixture results in the increase of the combustion rate u n . On the basis of available literature data [16] , the parameter u n for natural gas with the increased oxidizer oxygen concentration can be expressed using the following mathematical function:
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CFD Modeling
Numerical simulation of the combustion process was computed in ANSYS CFX v 17.2. ANSYS CFX computes discrete values of time-dependent Navier-Stokes equations, which are conservation equations of momentum in x-, y-, and z-directions, and the conservation equation of mass. Timedependent details of turbulent eddies are removed from the Navier-Stokes equations with Reynolds averaging and the effect of turbulent motion on transport of momentum in the averaged flow is assumed by means of the Boussinesq hypothesis, which defines turbulent viscosity. Turbulent viscosity increases the basic molecular viscosity of the fluid. Computation of turbulent viscosity requires additional equations, which are based on the k-epsilon RNG model. The combustion process was defined using a combination of finite rate chemistry and eddy dissipation models. The basis for the calculation of combustion was the global reaction scheme of methane combustion, methane air water-gas shift (WGS) [18] , defined by the following relationships [16, 18, 19] :
The Equations (3) to (6) were defined for the combustion of methane and air. However, the flame temperature and the course of chemical reactions at oxy-combustion and air-combustion differ. The higher combustion temperatures lead to a greater dissociation of the flue gas components. Therefore, these changes have to be incorporated into the mathematical model. The course of chemical reactions in the mathematical model can be influenced by the change of mathematical dependences of the chemical reaction on temperature, which is expressed by the Arrhenius equation (7) . In their work, Andersen [19] , Bibrzycki [20] , and Levenspiel [21] optimised kinetic parameters of the chemical reactions in order to make them suitable for mathematical modelling of oxy-combustion (8) (9) (10) (11) .
where k is the rate constant, Ea is the activation energy (J mol −1 ), R is the universal gas constant 8.314 J K −1 mol −1 , and T is the absolute temperature (K).
The optimized rate constant for the Equations (3) to (6) is given as follows [19] [20] [21] : 
Numerical simulation of the combustion process was computed in ANSYS CFX v 17.2. ANSYS CFX computes discrete values of time-dependent Navier-Stokes equations, which are conservation equations of momentum in x-, y-, and z-directions, and the conservation equation of mass. Time-dependent details of turbulent eddies are removed from the Navier-Stokes equations with Reynolds averaging and the effect of turbulent motion on transport of momentum in the averaged flow is assumed by means of the Boussinesq hypothesis, which defines turbulent viscosity. Turbulent viscosity increases the basic molecular viscosity of the fluid. Computation of turbulent viscosity requires additional equations, which are based on the k-epsilon RNG model. The combustion process was defined using a combination of finite rate chemistry and eddy dissipation models. The basis for the calculation of combustion was the global reaction scheme of methane combustion, methane air water-gas shift (WGS) [18] , defined by the following relationships [16, 18, 19] :
where k is the rate constant, E a is the activation energy (J mol −1 ), R is the universal gas constant 8.314 J K −1 mol −1 , and T is the absolute temperature (K).
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The optimized rate constant for the Equations (3) to (6) is given as follows [19] [20] [21] :
Boundary conditions for the gas and oxidizer inlet were defined by the mass flow, pursuant to Table 1 . The radiation heat transfer was modelled using the P1 model based on the expansion of the radiation intensity into an orthogonal series of spherical harmonics. Table 1 . Volume flows of the inlet media depending on the oxygen concentration in the oxidiser.
Parameter Unit Value
Burner power kW 13. The DesignModeler software was used to create a model of a furnace with the incorporated combustion chamber of the physical model and the charge. The mathematical model of the physical module was discretized for the computing network. The combustion chamber was created using tetrahedral mesh and it was concentrated more in the area of the walls and burner, where larger gradients were assumed due to the hexahedral layer, which ensured the correctness of the velocity field creation. The mesh adjacent to the walls in the region of the boundary layer has perpendicular geometric spacing, with a multiple of 1.15 between the heights of consecutive layers of volumes, and the first layer of volume has a height of 0.035 mm. The worst value of y+ was 15 and it was observed in the stack area. In other areas, it ranged from 0 to 1.5. The charge was created using a hexahedral mesh with a side length of 10 mm, with the aim of ensuring the correct calculations of the thermal gradients on the charge and to minimizing the influence of the mesh on the results. The total computational mesh is composed of almost a million cells.
Required volumes of air and oxygen had to be defined for each experimental measurement in order to achieve the required oxygen enrichment level of the oxidizer. Table 1 shows the volume flows of the inlet media in relation to the examined oxygen concentrations in the oxidizer and suggests optimised diameters of the air nozzles, D1, in accordance with Equation (1).
The mixing of the gaseous fuel stream with the oxidizer is shown using the CFD simulation in Figure 3b . The simulation of the gaseous media flow shows the gaseous fuel stream passing from the gas nozzle into the oxidizer. The oxidizer oxygen concentration was checked using the stoichiometry of natural gas combustion. Table 2 shows the natural gas composition. 
Heat Balance of Process
The impact of air nozzle optimisation on the process of aluminium ingot melting needs to be determined from the heat balance results. As already mentioned above, a critical parameter in the analysis of the impact of the increased oxidizer oxygen concentration is the time the charge needs to reach the temperature of 740 • C. The melting time, τ, is primarily affected by the change of the overall heat transfer coefficient, α o , to the charge in the work area.
The total time required for the entire technological process is as follows:
Q UH1 is the heat required for heating the material to the melting temperature, as follows:
Q UH2 is the heat required for melting the material, as follows:
Q UH3 is the heat required for heating the melt to the casting temperature, as follows:
where m Al is the mass of aluminium ingots (kg), c tAl1 is the specific heat capacity of aluminium at ambient temperature (J.kg −1 K −1 ), c tAl2 is the specific heat capacity of aluminium at melting temperature (J.kg −1 K −1 ), c tAl3 is the specific heat capacity of aluminium at the temperature of 740 • C (J.kg −1 K −1 ), t 1 is the temperature of the aluminium charge ( • C), t 2 is the melting temperature of the aluminium charge ( • C), t 3 is the final temperature of the aluminium charge (740 • C) ( • C), l Al is the latent heat (J.kg −1 ), t f is the average temperature in furnace ( • C), and t b is the average temperature of the charge ( • C). The evaluation of heat flow changes on the charge was performed by measuring the temperature field in the combustion chamber by the thermocouples. The overall heat transfer coefficient, α o , in the furnace work area is characterized by the following equation [6] :
where α c is the heat transfer coefficient by convection (W m −2 K −1 ) and α r is the heat transfer coefficient by radiation (W m −2 K −1 ). The value α r is affected mainly by the fourth power of the thermodynamic temperature and by the flue gas emissivity, which depends on the flue gas composition. When increasing the oxidizer oxygen concentration, the concentrations of CO 2 and H 2 O in flue gas rise. These components have a significant effect on the increase of the flue gas emissivity. The results of mathematical calculations for the theoretical temperature, temperature with dissociation, and flue gas emissivity (Figure 4) illustrate that a proportion of the radiation component, α r , increases with the increase of the oxidizer oxygen concentration (the increase in flue gas temperature and emissivity). The value α c is influenced by the amount and flow rate of flue gas in the work area. The increase of the oxidizer oxygen concentration results in the reduction of the flue gas amount. The rate and distribution of the flue gas flow in the work area and the way flue gas flows around the charge can be influenced by the burner geometry. At the constant diameter of the burner orifice, the proportion of the convection component, αc, in the heat transfer process in the work area is reduced (the influence of the flue gas speed and the flame length vs. flue gas temperature) due to the reduction of the flue gas quantity. The optimisation of the burner orifice results in the change of the flue gas flow in the furnace work area, which causes the increase of the proportion of the convection component αc in the heat transfer, compared with the ordinary orifice. The flue gas composition is not changed when the optimized burner orifice is used. A possible temperature increase in the work area caused by the flame lengthening can result in a slight increase in the proportion of the radiation component, αr, compared to the ordinary air nozzle. The use of the optimized air nozzle results in an increase of the overall heat transfer coefficient, αo, in the work area to the charge, compared to the ordinary air nozzle.
The overall heat transfer coefficient in the work area is based on the balance of individual components of the heat intake and removal (for more details, see [6] ).
The mathematical model for calculating the useful heat of the charge is based on the kinetics of the heating and melting processes in the examined thermal aggregate and on the knowledge of the heat transfer between flue gases and charge in the furnace, based on the heat transfer by convection and radiation. The calculation is divided into separate time intervals, Δτ, defined on the basis of the flue gas temperature course, sensed by means of the thermocouples in the combustion chamber.
The quantity of useful heat, ΔQUH, transferred to the charge can be also expressed as the sum of heat transferred by radiation and convection from flue gas and heat from the lining ΔQl, [6] as follows:
The heat quantity transferred from the lining, ΔQl, to the process depends on the furnace type. The effect of heat is most prominent during the rotary motion of the furnace, when its lining is in direct contact with flue gases and the charge. In a stationary furnace, the heat is transferred from the lining to the charge only through radiation. The heat quantity, Qc, transferred to the charge surface during the heat transfer process by convection is described as follows [6] :
where αo is the total coefficient of the heat transfer from the furnace work area to the charge (W m −2 K −1 ); αc is the convection heat transfer coefficient (W m −2 K −1 ); S is the heat transfer surface area (m 2 ); Tfg is the flue gas temperature (K); and Tb is the charge temperature (K); ∆τ calculation time step (s). The convection heat transfer in a closed body system (charge, lining, flue gases) is best expressed by the following relationship [6] : At the constant diameter of the burner orifice, the proportion of the convection component, α c , in the heat transfer process in the work area is reduced (the influence of the flue gas speed and the flame length vs. flue gas temperature) due to the reduction of the flue gas quantity. The optimisation of the burner orifice results in the change of the flue gas flow in the furnace work area, which causes the increase of the proportion of the convection component α c in the heat transfer, compared with the ordinary orifice. The flue gas composition is not changed when the optimized burner orifice is used. A possible temperature increase in the work area caused by the flame lengthening can result in a slight increase in the proportion of the radiation component, α r , compared to the ordinary air nozzle. The use of the optimized air nozzle results in an increase of the overall heat transfer coefficient, α o , in the work area to the charge, compared to the ordinary air nozzle.
The mathematical model for calculating the useful heat of the charge is based on the kinetics of the heating and melting processes in the examined thermal aggregate and on the knowledge of the heat transfer between flue gases and charge in the furnace, based on the heat transfer by convection and radiation. The calculation is divided into separate time intervals, ∆τ, defined on the basis of the flue gas temperature course, sensed by means of the thermocouples in the combustion chamber.
The quantity of useful heat, ∆Q UH , transferred to the charge can be also expressed as the sum of heat transferred by radiation and convection from flue gas and heat from the lining ∆Q l , [6] as follows:
The heat quantity transferred from the lining, ∆Q l , to the process depends on the furnace type. The effect of heat is most prominent during the rotary motion of the furnace, when its lining is in direct contact with flue gases and the charge. In a stationary furnace, the heat is transferred from the lining to the charge only through radiation. The heat quantity, Q c , transferred to the charge surface during the heat transfer process by convection is described as follows [6] :
where α o is the total coefficient of the heat transfer from the furnace work area to the charge (W m −2 K −1 ); α c is the convection heat transfer coefficient (W m −2 K −1 ); S is the heat transfer surface area (m 2 ); T fg is the flue gas temperature (K); and T b is the charge temperature (K); ∆τ calculation time step (s).
Appl
The convection heat transfer in a closed body system (charge, lining, flue gases) is best expressed by the following relationship [6] :
where c is the total coefficient of the mutual heat transfer by radiation (W m −2 K −4 ), for more details, see [6] . The total useful heat of the process is given by the following equation:
The total time of the melting process is given by the following equation:
Results and Discussion
Results of CFD Modeling
The influence of the air nozzle diameter on the combustion process in the physical model of the rotary furnace can be determined on the basis of the mathematical modelling results. Mathematical modelling enables investigation of the flame shape, flue gas flow, temperature field distribution, heat flow to the charge, and the distribution of concentrations of individual components under the stabilised conditions. The results of the mathematical modelling confirmed the hypothesis that the increase of oxygen concentrations in the oxidizer causes the shortening of the flame. Figure 5 (on the left) illustrates the temperature fields at the ordinary air nozzle diameter and oxygen concentrations in the oxidizer within a range of 21% to 50%. On this basis, the flame shape and the temperature distribution in the combustion chamber related to the changes of oxygen concentrations in the oxidizer can be determined. The results of the CFD simulations suggest that, for this particular type of a burner with the conventional air nozzle, the oxygen enrichment of the oxidizer cannot exceed 50% during the combustion process. When the oxidizer oxygen concentration is higher, backflash into the burner or possible thermal damage to the burner orifice can occur.
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Results and Discussion
Results of CFD Modeling
On the basis of the mixture combustion rate, a constant flame length can be maintained by optimizing the burner air nozzle diameter. The results of the mathematical modelling, shown in Figure 5 (on the right), confirmed the possibility of optimizing the air nozzle diameter when the oxidizer is enriched, in accordance with the Equation (1). On the basis of the mixture combustion rate, a constant flame length can be maintained by optimizing the burner air nozzle diameter. The results of the mathematical modelling, shown in Figure 5 (on the right), confirmed the possibility of optimizing the air nozzle diameter when the oxidizer is enriched, in accordance with the Equation (1).
Results of Experimental Measurements
The correctness of the chosen methodology (measurements using the experimental device) can be confirmed by comparing the achieved results with those obtained by a group of American scientists. Jepson and Kampen [9] studied the influence of oxygen concentrations in the oxidizer on the furnace productivity and operating costs for 10 ton rotary melting furnaces. Power consumption for heating, melting, and overheating 1 kg of the charge was used as a main criterion for the evaluation of the benefits of the optimisation of burning natural gas in the process of oxygen enrichment from the oxidizer. Figure 6 shows the results of the experimental measurements. The blue line illustrates the results obtained by Jepson and Kampen. The red line illustrates the results obtained by experimental measurements using the ordinary air nozzle. The green line illustrates the results obtained by experimental measurements using the optimized air nozzle.
and optimized air nozzles (on the right) for various levels of the oxidizer oxygen enrichment.
The impact of the enriched oxidizer on the process of aluminium melting in the experimental device is comparable with the experimental results obtained by Jepson and Kampen [9] . At oxygen concentrations above 30%, no significant reduction occurs in the specific fuel consumption required for heating and melting the charge. The difference in the specific heat energy consumption needed for melting the charge results from higher heat losses of the experimental device, the differences in the amount of charge, and the output and size of thermal aggregates. Complete verification requires the inclusion of these factors into calculations of the results obtained from the experimental device. Based on the experimental measurement results, it is obvious that the use of optimized air nozzles can result in the reduction of the fuel consumption for charge heating and melting by 21%, while the oxidizer oxygen concentration remains at the same level, approximately 30%. [9] , calculated from the experimental measurement).
As already noted, the efficiency of this device depends on the amount of available heat released in the thermal aggregate. The amount of available heat is influenced by the heat loss from exhaust flue gases, which is calculated on the basis of the measured temperature of the exhaust flue gases. The temperature of the exhaust flue gases in the experimental device chamber was about 700 °C. Based on the calculations, the amount of available heat in the experimental device reached as much as 82% of the supplied heat at 45% enrichment of the oxidizer. Figure 7 illustrates the influence of the oxygen concentration on the energy efficiency of the experimental device. The value of the energy efficiency of the experimental device rises with the Figure 6 . Comparison of energy consumption per 1 kg of charge depending on the oxidizer oxygen concentration (Adapted from [9] , calculated from the experimental measurement).
The impact of the enriched oxidizer on the process of aluminium melting in the experimental device is comparable with the experimental results obtained by Jepson and Kampen [9] . At oxygen concentrations above 30%, no significant reduction occurs in the specific fuel consumption required for heating and melting the charge. The difference in the specific heat energy consumption needed for melting the charge results from higher heat losses of the experimental device, the differences in the amount of charge, and the output and size of thermal aggregates. Complete verification requires the inclusion of these factors into calculations of the results obtained from the experimental device. Based on the experimental measurement results, it is obvious that the use of optimized air nozzles can result in the reduction of the fuel consumption for charge heating and melting by 21%, while the oxidizer oxygen concentration remains at the same level, approximately 30%.
As already noted, the efficiency of this device depends on the amount of available heat released in the thermal aggregate. The amount of available heat is influenced by the heat loss from exhaust flue gases, which is calculated on the basis of the measured temperature of the exhaust flue gases. The temperature of the exhaust flue gases in the experimental device chamber was about 700 • C. Based on the calculations, the amount of available heat in the experimental device reached as much as 82% of the supplied heat at 45% enrichment of the oxidizer. Figure 7 illustrates the influence of the oxygen concentration on the energy efficiency of the experimental device. The value of the energy efficiency of the experimental device rises with the increased oxygen concentrations in the oxidizer. As a result of the optimisation of the air nozzle, the heat transfer from the flame is directed to the charge, thus increasing the efficiency of the experimental device. At 30% oxygen concentration in the oxidizer, the energy efficiency increased by 4% due to the air nozzle diameter optimisation. As illustrated in Figure 7 , the amount of available heat is not influenced by the air nozzle diameter changes.
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The course of charge temperatures, shown in Figure 8 , used for aluminium heating, melting, and overheating, with increasing oxygen concentrations in the oxidizer, proves the reduction of the overall time. A significant reduction of melting time is reported at the oxidizer oxygen concentration of up to 35%. At the oxygen concentration of 34.36%, used in the experimental measurement, the 46.29% reduction in melting time was achieved, compared with the melting time in air fuel combustion. No significant reduction of melting time occurred when the oxygen concentration increased to 46.15%. When using the optimized air nozzle diameter (Figure 9 ), the melting time is reduced significantly with 25% oxygen concentration, where the optimisation contributed to the 45.47% reduction of the melting time, compared with air combustion. When comparing the obtained results with those obtained when using the ordinary nozzle, it can be concluded that, when the optimized nozzle is used with a 24.32% oxygen concentration, the melting time can be reduced by the same percentage, as in the case of a 34.36% oxygen concentration using the ordinary nozzle. The same trend can be observed at higher oxygen concentrations in the oxidizer when the melting time can be reduced by as much as 58.23% under the conditions of 37.02% oxygen enrichment, using the optimized nozzle.
Thus, the main advantage of the nozzle optimisation lies in the decrease of oxygen consumption and the related operational costs, while maintaining or even slightly increasing the productivity of the experimental device. However, the influence of optimisation is also related to the decrease of the amount of produced flue gases at higher oxygen concentrations. When using the optimized air nozzle diameter (Figure 9 ), the melting time is reduced significantly with 25% oxygen concentration, where the optimisation contributed to the 45.47% reduction of the melting time, compared with air combustion. When comparing the obtained results with those obtained when using the ordinary nozzle, it can be concluded that, when the optimized nozzle is used with a 24.32% oxygen concentration, the melting time can be reduced by the same percentage, as in the case of a 34.36% oxygen concentration using the ordinary nozzle. The same trend can be observed at higher oxygen concentrations in the oxidizer when the melting time can be reduced by as much as 58.23% under the conditions of 37.02% oxygen enrichment, using the optimized nozzle.
Thus, the main advantage of the nozzle optimisation lies in the decrease of oxygen consumption and the related operational costs, while maintaining or even slightly increasing the productivity of the experimental device. However, the influence of optimisation is also related to the decrease of the amount of produced flue gases at higher oxygen concentrations. Figures 10 and 11 show the calculated increase in the specific heat of the metalliferous charge heating and melting, resulting from Equations (12)- (22) . The figures show the course of the charge heating, melting, and overheating phases for relevant cases of oxygen enrichment from the oxidizer.
The curves illustrate the completion of the metalliferous charge melting and the impact of oxygen enrichment from the oxidizer on the reduction of the melting process.
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The experimental measurement results confirmed that the optimum level of the oxidizer enrichment in the rotary furnaces is 35%. This is also supported by the results of the mathematical modelling of the natural gas combustion with the enriched oxidizer, as shown in Figure 13 . The increase of the theoretical combustion temperature of natural gas with the enriched oxidizer is strongly influenced by the CO 2 and H 2 O dissociation. At 35% enrichment from the oxidizer, the combustion temperature with dissociation increases to 2400 • C, which represents about 50% of the overall combustion temperature increase. The increase of the oxidizer oxygen concentration above 35% results in slowing the rate of the temperature increase in the thermal aggregate, as the significant part of the thermal energy is used for endothermic reactions. Another factor influencing the melting of aluminium is the flue gas volume. Figure 13 shows the drop of flue gases at a 36.33% oxygen concentration and up to 72% at 100% oxygen concentration when the oxidizer oxygen concentration increases to 35%. A characteristic feature of this type of thermal aggregate consists of locating the burner on the same side as the flue gas outlet. This constructional arrangement is not very suitable at high concentrations of oxygen in the oxidizer because the reduction of the flue gas quantity results in a faster removal of flue gases from the furnace area. Thus, when using the ordinary air nozzle, a significant reduction of overall heat transfer occurs in the furnace area due to a low discharge rate. The optimisation of the air nozzle contributes to the extension of the residence time of flue gas in the furnace area, which results in the increase of the heat transfer from the flue gas to the charge. The experimental measurement results confirmed that the optimum level of the oxidizer enrichment in the rotary furnaces is 35%. This is also supported by the results of the mathematical modelling of the natural gas combustion with the enriched oxidizer, as shown in Figure 13 . The increase of the theoretical combustion temperature of natural gas with the enriched oxidizer is strongly influenced by the CO2 and H2O dissociation. At 35% enrichment from the oxidizer, the combustion temperature with dissociation increases to 2400 °C, which represents about 50% of the overall combustion temperature increase. The increase of the oxidizer oxygen concentration above 35% results in slowing the rate of the temperature increase in the thermal aggregate, as the significant part of the thermal energy is used for endothermic reactions. Another factor influencing the melting of aluminium is the flue gas volume. Figure 13 shows the drop of flue gases at a 36.33% oxygen concentration and up to 72% at 100% oxygen concentration when the oxidizer oxygen concentration increases to 35%. A characteristic feature of this type of thermal aggregate consists of locating the burner on the same side as the flue gas outlet. This constructional arrangement is not very suitable at high concentrations of oxygen in the oxidizer because the reduction of the flue gas quantity results in a faster removal of flue gases from the furnace area. Thus, when using the ordinary air nozzle, a significant reduction of overall heat transfer occurs in the furnace area due to a low discharge rate. The optimisation of the air nozzle contributes to the extension of the residence time of flue gas in the furnace area, which results in the increase of the heat transfer from the flue gas to the charge. 
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Based on the results from the laboratory experimental device of the tilting rotary furnace for the melting of aluminium materials, it can be stated that a suitable optimisation of the air nozzle at 
Based on the results from the laboratory experimental device of the tilting rotary furnace for the melting of aluminium materials, it can be stated that a suitable optimisation of the air nozzle at increased oxygen concentrations in the oxidizer leads to the following:
•
The increase of the overall heat transfer coefficient to the charge by 32%-70%, depending on the oxygen concentration; • The shortening of the melting time by 12% and 24% (at an oxygen concentration of 35% and 25%, respectively); • The increase of the thermal efficiency of devices (by 4% in the experimental device); • The decrease of the nominal energy consumption for melting the charge by 20%-30%, depending on the oxygen concentration.
In connection with the energy consumption for heating and melting of the charge, which is determined by the melting time, it is also necessary to emphasise that the main contribution of the air nozzle optimisation design is reflected mainly in the input cost reduction for fuel and oxygen, recalculated per 1 kg of charge. From the environmental point of view, the main benefit is the reduction of emissions released to the atmosphere. The results of the laboratory measurements confirmed that the optimum oxidizer enrichment by oxygen for aluminium melting in rotary furnaces with the ordinary air nozzles is 35%.
The results show that the enrichment of the oxidation mixture is only one of the factors influencing the heating, melting, and overheating processes of the charge. The optimisation of the burner parameters also has a significant impact on the heat consumption and, therefore, on the amount of fuel burned, oxygen used, and emissions produced at lower enrichment levels. With the expected improvement of the optimum oxygen concentration in melting aluminium materials using the optimised air nozzle, the experimental measurements performed show that further research in this field is possible.
The results obtained reflect trends in EU energy policy and, therefore, research in the field is useful and highly topical. 
